We have already cloned the polyhedrin genes of the wild-type strain H Bombyx mori cytoplasmic polyhedrosis virus (BmCPV) and its mutant, strain A. In this work, polyhedrin genes of mutant BmCPV strains C a and C 2 were cloned and their nucleotide sequences were determined. The polyhedrin amino acid sequences of strains Ca and C~ were compared with that of strain H. Strains Ca and C2 contained two and three sites of mutation in their polyhedrin genes, respectively. Four amino acids (249RLLV) were added at the carboxy terminus of the polyhedrin of strain A, C 1 and C 2 and the corresponding polyhedrin genes were introduced into a baculovirus expression vector. Intracellular localization of expressed polyhedrin as well as the morphology and localization of polyhedra were investigated by Western blot and microscopy analysis. Recombinant baculovirus containing the polyhedrin gene of strain H produced hexahedral polyhedra in both the cytoplasm and the nucleus. However, the hexahedral polyhedra of strain A were localized only in the nucleus. Normal polyhedra were not observed in cells infected with recombinant baculoviruses expressing strain C a or C 2 polyhedrin genes, but amorphous structures were found in infected cells. Results of expression of a chimaeric luciferasecontaining carboxy-terminal sequence of strain A demonstrated that this sequence was responsible for the nuclear localization. We suggest that a mutation at the carboxy terminus of BmCPV polyhedrin led to nuclear localization of polyhedrin and that several other mutations were responsible for modification of the crystallization pattern of polyhedrin.
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Introduction
The cytoplasmic polyhedrosis viruses (CPVs) are classified as the genus Cypovirus in the family Reoviridae (Francki et al., 1991) . They infect midgut cells of a wide range of insects. Virus infection is characterized by the production of large numbers of inclusion bodies called polyhedra in the cytoplasm of infected cells. These polyhedra are a crystallized form of the major virus protein (polyhedrin) synthesized late during infection. One of the functions of the polyhedrin matrix is to protect virions from physicochemical inactivation in the environment (for review see Belloncik, 1989) . Infectious virus particles of nuclear polyhedrosis viruses (NPVs) are also embedded within a macromolecular paracrystalline protein matrix (polyhedron) located, in contrast with CPVs, in only the nucleus. The NPV polyhedron is * Author for correspondence. Fax +81 75 724 7760. The nucleotide sequence data reported in this paper have been submitted to the EMBL database and assigned the accession numbers D37768, D37770 and D37771 (strains A, C 1 and C2, respectively).
composed of a single virus-encoded protein, polyhedrin (for review see Rohrmann, 1986) . The crystallization mechanisms of NPV and CPV polyhedrin proteins are peculiar phenomena occurring only in invertebrate virus infection. Although these two kinds of proteins form a morphologically similar crystalline structure, the complete nucleotide sequence of NPV and CPV polyhedrins has revealed that their amino acid sequences are dissimilar. Moreover, Jarvis et al. (1991) have determined the domain necessary for the supramolecular assembly of baculovirus polyhedrin into occlusion body-like particles. These authors suggest that an association between polyhedrin and other viral or cellular nuclear components is not necessary for supramolecular assembly.
Different crystallization patterns of CPV polyhedrin can be seen in infected cells in vitro or infected midgut cells (Hukuhara & Midorikawa, 1983; Belloncik, 1989) . Mainly located in the cytoplasm, the polyhedra exhibit variable morphologies. They can be spherical, cuboid, hexahedral, rod-shaped or amorphous. Even though CPV polyhedrin is encoded by the smallest among the 0001-3201 © 1996 SGM 10 dsRNA viral segments, the influence of other cellular and environmental factors on polyhedrin crystallization have been demonstrated (Hukuhara, 1972 (Hukuhara, , 1985 Belloncik, 1989) . Interactions between expression products of other CPV genes during the crystallization of polyhedrin have not been excluded.
We were interested in examining the relationship between the polyhedrin gene sequence and the localization of polyhedrin protein and formation of polyhedra in infected cells in the absence of CPV replication and gene expression. We focused our study on four strains of Bombyx mori CPV (BmCPV; strains H, A, Ca and C~) which have different patterns of polyhedrin localization and crystallization.
Methods
Virus and cells. BmCPV strain C 1 and C 2, gifts from Y. Noguchi (Sericultural Experiment Station of Saitama Prefecture, Japan) were originally described by Hukuhara & Midorikawa (1983) . Non-occluded virus particles of BmCPV strain C a and C 2 were purified (Hayashi & Bird, 1970) . The Spodopterafrugiperda cell line IPLB-Sf21-AE (Sf21) was used and maintained in tissue culture flasks in TC-10 medium containing 10 % fetal bovine serum (Brown & Faulkner, 1977) .
cDNA cloning of polyhedrin gene and determination of the nucleotide sequence. Virus dsRNA was recovered from purified viruses and the smallest of the 10 genome segments was isolated by electrophoresis in a low melting-point agarose gel (SeaPlaque GTG; FMC). The dsRNA encoding BmCPV polyhedrin of strain C~ and C 2 was used as a template to synthesize polyhedrin cDNA. The cDNA synthesis was carried out with a TimeSaver cDNA Synthesis Kit (Pharmacia) and two synthesized oligonucleotides were used as primers (5' ATACG, TAAAGGATCATGGCA 3' for the plus strand, 5' AGCATCGGG-ATCCGGTATAA 3' for the minus strand). Synthesized cDNAs were cloned into a dephosphorylated EcoRI site of pUCll8. Cloned polyhedrin cDNAs in recombinant plasmids were detected by EcoRI digestion (data not shown). These constructed recombinant plasmids were named pUC-O 1 and pUC-C 2. Nucleotide sequences of the cDNAs were determined by the dideoxynucleotide chain termination method, which was carried out with Sequenase (USB).
Construction of a chimaeric polyhedrin gene of strains H and A. pBR-H and pBR-A (Mori et al., 1989) were digested with SnaBI and BamHI and cDNA inserts were subcloned into the Sinai BamHI site of pUC 118 to make pUC-H and pUC-A, pUC-H was digested with NcoI and BamHI to remove the NeoI-BamHI fragment of polyhedrin cDNA and the corresponding fragment from pUC-A was ligated into the NcoI-BamHI site of pUC-H to make pUC-HA, pUC°AH was created by ligation of the NcoI-BamHI fragment from pUC-H into NcoI-and BamHI-digested pUC-A.
Construction of recombinant baculovirus. The baculovirus transfer vector pAcYM1 (Matsuura et al., 1987) was used in this study. Polyhedrin cDNAs were excised from plasmids pUC-C~, pUC-C2, pUC-A, pUC-HA and pUC-AH by digestion with EcoRI and BamHI and prepared with the Klenow fragment of DNA polymerase. These DNA fragments were ligated into the dephosphorylated SmaI site of the pAcYM1 transfer vector to construct recombinant transfer vector pAcA, pAcC1, pAcC2, pAcHA and pAcAH. Restriction enzyme analysis using EcoRV and DNA sequencing was used to confirm that the coding sequence of the BmCPV polyhedrin gene was correctly oriented with the baculovirus polyhedrin promoter (data not shown). The method of recombinant baculovirus construction has been described previously (Mori et al., 1993) . The recombinant baculoviruses were named AcCP-A, AcCP-C a, AcCP-C2, AcCP-HA and AcCP-AH.
Fractionation of BmCPVpolyhedra. In order to study the intracellular localization of each expressed polyhedrin, infected cells were fractionated according to the method reported previously (Mori et al., 1993) . Nuclear and cytoplasmic fractions were subjected to Western blot analysis using immune serum directed against the BmCPV polyhedrin.
Construction and expression of a chimaeric gene consisting of lucif erase and BmCPV polyhedrin. After cDNA inserts encoding the BmCPV polyhedrin gene were excised from pUC-H and pUC-A with EcoRI and BamHI, the inserts were digested with Sau3AI (Fig. l a) and the Sau3AI fragment (286 bp) was subsequently prepared with the Klenow fragment of DNA polymerase. These DNA fragments were ligated into the dephosphorylated EcoRV site of pSVOAL (De Wet et al., 1987) to construct pSVOAL-H and pSVOAL-A, which encoded 446 amino (a) 167 342 acids of luciferase and 58 and 62 amino acids of BmCPV strain H and A polyhedrin, respectively (see Fig. 3a ). Chimaeric luciferase genes were excised from pSVOAL-H and pSVOAL-A by digestion with
HindIII and BamHI and prepared with the Klenow fragment of DNA polymerase. These DNA products and the intact luciferase gene were ligated into the dephosphorylated Sinai site of the pAcYM1 transfer vector to construct the recombinant transfer vectors pAcLuci, pAcLuciH and pAcLuciA. The methods for recombinant baculovirus construction were as described above. Recombinant baculoviruses containing the luciferase gene were named AcLuci, AcLuciH and AcLuciA.
Assay ofluciferase activities. Sf21 cells (1 x 106 cells per 35 mm plate)
were inoculated with AcLuci, AcLuciH and AcLuciA at an m.o.i, of 20 p.f.u./cell. The viruses were allowed to adsorb for 1 h at room temperature. Thereafter, the inoculum was removed and replaced with 2ml of TC-10 medium containing 10% fetal calf serum. After incubation at 27 °C for 3 days, 200 I~1 of 1 mM-luciferin were added to the cell medium. The enzymatic activities of intact luciferase and chimaeric luciferase were measured using an ARGUS-50 (Hamamatsu Photonics) for 10 rain and 1 h, respectively.
Electron microscopy. Electron microscopy analysis of infected cells using the immunogold labelling technique provided more information on the localization and crystallization of polyhedrin of the four CPV strains. Infected cell cultures were washed twice in PBS pH 7.2 at room temperature. The samples were then fixed at 4 °C for 2 h in a PBS buffer containing 0.1% (v/v) glutaraldehyde and 4% (w/v) paraformaldehyde pH 7.2-7.4 and treated as previously described (Bendayan, 1984) using immune serum directed against the BmCPV polyhedrin.
Results and Discussion

Comparison of the predicted amino acid sequences of the polyhedrins of four BmCPV strains
When the nucleotide sequences of strains C 1 and C a polyhedrin genes were compared with that of strain H, several transition substitutions were found (Fig. 1 a) . The polyhedrin gene of strain C t had three transition substitutions at positions 167, 658 and 786 and the polyhedrin gene o f strain C~ had four transition substitutions at position 167, 658, 741 and 786. A transition mutation at nucleotide 658 resulted in replacement of leucine at amino acid position 206 in strain H by serine in strain C 1 and C a. Furthermore, a transition mutation at nucleotide 741 resulted in replacement of aspartic acid at amino acid position 234 in strain H by tyrosine in strain C a. Another transition mutation ( T G A C G A ) at the termination codon o f strain H caused the addition o f four amino acids (249RLLV) to the carboxy terminus o f strain C 1 and C a polyhedrins, similar to strain A polyhedrin.
Expression of BmCPV polyhedrin using a baculovirus vector and intracellular localization of BmCPV polyhedrin
Synthesis of BmCPV polyhedrin in Sf21 cells infected with each of the recombinant viruses as well as with A c C P -H (Mori et al., 1993 ) was examined at 96 h post- infection by Western blot. These results showed that a protein o f approximately 3 0 k D a reacted with an antibody directed against B m C P V polyhedrin and polyhedrin was produced by recombinant baculoviruses (data not shown).
Jarvis et al. (1991) have reported that a basic amino acid sequence is necessary for the nuclear localization of
Autographa californica multinucleocapsid N P V polyhedrin, indicating that the baculovirus expression system can be utilized for the investigation of nuclear localization of protein. We therefore used the baculovirus expression system to analyse subcellular localization of wild-type and mutant B m C P V polyhedrin. Nuclear and cytoplasmic fractions of Sf21 cells infected with each recombinant virus were analysed using the method previously reported (Mori et al., 1993 ; Fig. 2 ). These results indicated that strain A polyhedrin was localized only in the nucleus of the recombinant baculovirusinfected cells and polyhedrin o f strains H, C r and C 2 was present in both the cytoplasm and nucleus (Fig. 1 b; Fig.  2 ); C 1 polyhedrin was localized mainly in the nucleus and the polyhedrins of strains H and C 2 were localized equally in the nucleus and the cytoplasm. The transition mutation at the termination c o d o n o f strain H led to the addition of four amino acid residues (249RLLV) at the carboxy terminus of strain A, C 1 and C 2 polyhedrin. However, in the case of strain C 2 polyhedrin, another transition mutation was found and it caused the replacement of aspartic acid at amino acid position 234 with tyrosine. A decreased level of nuclear localization o f strain C~ polyhedrin was dependent on another replacement (234D ~ Y) near the carboxy-terminal region. Intracellular localization o f the chimaeric polyhedrin from strains H and A was also examined (Fig. 1 b; Fig.  2) . A c C P -H A expressed chimaeric polyhedrin which has a transition mutation ( T G A ~ C G A ) at the termination codon of strain H, leading to the addition of four amino acids (2agRLLV) to the carboxy terminus (Fig. l a) . A c C P -A H expresses chimaeric polyhedrin which has the histidine at amino acid position 101 in strain H replaced by tyrosine (Fig. 1 a) . Western blot analysis showed that polyhedrin expressed by A c C P -H A was localized in the nucleus, but polyhedrin expressed by AcCP-AH was localized in both the nucleus and the cytoplasm. These results indicate that a mutation at the carboxy terminus of BmCPV polyhedrin, addition of the four amino acid residues, plays an important role in nuclear localization of polyhedrin.
Analysis of the carboxy-terminal sequence of strain A polyhedrin
Firefly luciferase localizes in the cytoplasm because it contains the peroxisomal targeting signal (De Wet et al., 1987) . The peroxisomal sorting domain is present at the carboxy terminus (SKL). When an intact firefly luciferase gene was expressed by a baculovirus expression vector, the luciferase was localized in the peroxisome-like organelle in the cytoplasm (Hasnain & Nakhai, 1990) . After the peroxisomal targeting signal was removed, the carboxy-terminal sequences of strain H or A polyhedrin were introduced into the truncated luciferase (Fig. 3 a) and the chimaeric luciferase was expressed in a baculovirus vector, lntracellular localization of the chimaeric luciferase as well as the intact luciferase was analysed using an ARGUS-50 (Fig. 3 b) . When the intact luciferase and the chimaeric luciferase containing the carboxyterminal sequence of strain H polyhedrin were expressed, luciferase activity was mainly detected in the periphery of the cell. However, the activity of the chimaeric luciferase containing the carboxy-terminal sequence of strain A polyhedrin was concentrated in the centre of the cell, showing that the carboxy-terminal sequence mediated nuclear localization of luciferase. The results shows that the carboxy-terminal sequence of strain A polyhedrin is responsible for nuclear localization. The nuclear and cytoplasmic compartments of eukaryotic cells contain distinct sets of proteins. The nuclear envelope is a double-membrane structure penetrated by nuclear pore complexes (NPC), which are a major route for the movement of materials between the nucleus and cytoplasm. Recently, two models have been suggested to explain how proteins are localized in the nucleus (for reviews see Garcia-Bustos et al., 1991; Silver, 1991) . One model covers proteins with a molecular mass smaller than 60 kDa, which can simply diffuse through NPC and are retained inside the nucleus by binding to intranuclear structures (for review see Dingwall & Laskey, 1986 ). The other model involves proteins with a molecular mass larger than 60 kDa, which cannot diffuse through the NPC and require specific signal sequences, nuclear localization signals (NLS). The best characterized example of a NLS is that of the simian virus 40 large tumour antigen (SV40 T antigen), which has the structure I~PKKKRKV (Kalderon et al., 1984a, b; Lanford & Butel, 1984) . NLSs have been identified in a large number of proteins and divided into two groups, SV40-1ike and nucleoplasmin-like. A nucleoplasmin-like NLS is known as a bipartite signal (for review see Dingwall & Laskey, 1991) . A strict consensus sequence has not emerged for the NLS, but there are some general rules. NLSs are usually short, contain a high proportion of basic residues (K and R), are not located at specific sites within the nucleartargeted protein and are not removed following localization. A basic sequence (32KRKK) is essential for nuclear localization of NPV polyhedrin (Jarvis et al., 1991) . However, there was no tract of basic residues in the carboxy-terminal region of strain A. The influenza virus polymerase PA subunit has two NLSs, region I and region II (Nieto et al., 1992 (Nieto et al., , 1994 . Region I comprises amino acids 124-139, where a nucleoplasmin-like NLS has been identified, The nature of the NLS in region II (amino acids 186-247) is unclear and no consensus NLSlike motif could be detected; region II is nonetheless involved in nuclear localization. We therefore consider the NLS in region II of the PA subunit and that in the carboxy terminus of strain A polyhedrin is a new type of signal.
Crystallization of B m C P V polyhedrin
Electron microscopy observations (Fig. 4) confirmed the localization of the polyhedrin in infected cells as noted above (Fig. 2) . Hexahedral polyhedra labelled with gold markers were detected in the cytoplasm and the nucleus of St21 cells infected with AcCP-H and only in the nucleus of AcCP-A-infected cells. Also, the hexahedral polyhedra of AcCP-AH and AcCP-HA were produced in the cytoplasm and the nucleus, and only in the nucleus, respectively (data not shown). It was demonstrated previously, using five different CPVs, that the gold markers are always located only on the crystallized form (polyhedra) of either natural or recombinant CPV polyhedrin (Belloncik et al., 1986; Belloncik, 1989; Fossiez et al., 1990; Kendirgi et al., 1994) . Polyhedra 
